Article focus {#section5-2046-3758.811.BJR-2019-0036.R1}
=============

-   The influence of tibiofemoral conformity and tibial insert material on wear performance in mobile-bearing unicompartmental knee arthroplasty (UKA).

Key messages {#section6-2046-3758.811.BJR-2019-0036.R1}
============

-   Increased tibiofemoral conformity showed greater wear rate than decreased conformity in mobile-bearing UKA.

-   Predicted wear rate was lower in the crosslinked ultra-high-molecular-weight polyethylene (UHMWPE) insert than in the corresponding standard UHMWPE insert.

Strengths and limitations {#section7-2046-3758.811.BJR-2019-0036.R1}
=========================

-   This study showed that tibiofemoral conformity and material have a significant impact on the wear performance in mobile-bearing UKA.

-   This study did not compare actual clinical wear data.

Introduction {#section8-2046-3758.811.BJR-2019-0036.R1}
============

Unicompartmental knee arthroplasty (UKA) has become a popular surgical treatment for patients where only the medial or lateral compartment of the knee is treated.^[@bibr1-2046-3758.811.BJR-2019-0036.R1]^ In fact, UKA is a more effective treatment than total knee arthroplasty (TKA) for more active patients because the mechanics of the knee are better preserved, and more functional anatomy is maintained.^[@bibr2-2046-3758.811.BJR-2019-0036.R1]^ The benefits of UKA include fewer complications, faster recovery, improved functional outcomes, and cost-effectiveness.^[@bibr3-2046-3758.811.BJR-2019-0036.R1]-[@bibr5-2046-3758.811.BJR-2019-0036.R1]^ However, polyethylene wear is one of the main causes of failure in UKA. Revisions for polyethylene wear occur after a minimum of eight years, but some early catastrophic failures due to wear have been reported.^[@bibr6-2046-3758.811.BJR-2019-0036.R1],[@bibr7-2046-3758.811.BJR-2019-0036.R1]^ Excessive wear in the form of pitting and delamination may disrupt the surface geometry of the replaced plateau, altering joint alignment and stability.^[@bibr8-2046-3758.811.BJR-2019-0036.R1]^ The increased deformity from wear leads to increased load at the bone-implant interface and accelerates loosening.^[@bibr9-2046-3758.811.BJR-2019-0036.R1]^ Wear in the knee joint is a function of both the implant geometry and materials. More conforming designs have been favoured to reduce contact stress. The reduction of contact stress reduces polyethylene wear since adhesive and abrasive wear are due to the combined effect of contact stress and sliding conditions.^[@bibr10-2046-3758.811.BJR-2019-0036.R1]^ In addition, increased conformity has been reported to improve the stability of the implant.^[@bibr11-2046-3758.811.BJR-2019-0036.R1]^ However, other studies have reported that it may have little effect on polyethylene wear volume, because the decrease in contact stress is counteracted by an increase in the contact area subjected to sliding.^[@bibr12-2046-3758.811.BJR-2019-0036.R1],[@bibr13-2046-3758.811.BJR-2019-0036.R1]^ Furthermore, increased conformity has potential disadvantages such as increased contact stress if the components are misaligned, increased wear due to easier entrapment of wear particles between the articular surfaces, and increased component interface stresses.^[@bibr14-2046-3758.811.BJR-2019-0036.R1],[@bibr15-2046-3758.811.BJR-2019-0036.R1]^ Designs that conform less can reduce surface wear, provided that the contact stress does not exceed the fatigue limit of the material, in which case fatigue wear mechanisms such as delamination may occur.^[@bibr16-2046-3758.811.BJR-2019-0036.R1]^ However, the improvements in stability and mechanical properties also lead to an increase in the fatigue limit.^[@bibr17-2046-3758.811.BJR-2019-0036.R1]^ Crosslinking has been introduced to reduce wear of ultra-high-molecular-weight polyethylene (UHMWPE). Many in vitro and in vivo studies have demonstrated the advantages of crosslinked UHMWPE over standard UHMWPE.^[@bibr18-2046-3758.811.BJR-2019-0036.R1]-[@bibr20-2046-3758.811.BJR-2019-0036.R1]^ Thus, one of the challenges of UKA design is to determine the conformity and material that strike a balance between these advantages and disadvantages. Testing of UKA designs with different degrees of conformity has been performed by knee simulator machines. However, testing a single design typically costs tens of thousands of dollars and takes several months.^[@bibr21-2046-3758.811.BJR-2019-0036.R1]^ For these reasons, recent studies have developed computational models of knee simulator machines to speed up and improve the implant design process.^[@bibr22-2046-3758.811.BJR-2019-0036.R1]-[@bibr24-2046-3758.811.BJR-2019-0036.R1]^

Therefore, the objective of this study is to investigate the effect of insert conformity and material on the predicted wear in mobile-bearing UKA using a previously developed computational wear method. Two different designs, anatomy mimetic design (AMD) and conforming design inserts with different conformity levels, were tested with the same femoral component under identical kinematic input. The insert materials were standard or crosslinked UHMWPE. We evaluated the contact pressure, contact area, wear rate, wear depth, and volumetric wear under gait cycle loading conditions. We hypothesized that increased conformity has advantages and disadvantages in wear in crosslinked UHMWPE.

Materials and Methods {#section9-2046-3758.811.BJR-2019-0036.R1}
=====================

The predicted wear of mobile-bearing UKA was evaluated using two different insert geometries: AMD and increased conformity design (ICD) of tibial inserts ([Figure 1](#fig1-2046-3758.811.BJR-2019-0036.R1){ref-type="fig"}). In the natural knee, the medial and lateral tibial plateaus have asymmetrical geometries with a slightly dished medial plateau and a convex lateral plateau.^[@bibr25-2046-3758.811.BJR-2019-0036.R1],[@bibr26-2046-3758.811.BJR-2019-0036.R1]^ The dished medial plateau and greater stability of the medial meniscus restrict anteroposterior (AP) motion and posterior rollback of the medial femoral condyle. In contrast, the convex lateral plateau, combined with lateral meniscus mobility, allows greater range of AP motion with greater posterior rollback of the lateral femoral condyle. We used an existing subject-specific model and developed it further into a slightly dished AMD tibial insert design.^[@bibr26-2046-3758.811.BJR-2019-0036.R1]-[@bibr28-2046-3758.811.BJR-2019-0036.R1]^ The wear prediction finite element (FE) method previously developed was used in this study.^[@bibr26-2046-3758.811.BJR-2019-0036.R1],[@bibr29-2046-3758.811.BJR-2019-0036.R1],[@bibr30-2046-3758.811.BJR-2019-0036.R1]^ A FE model of a Stanmore knee simulator machine was developed in the Abaqus 6.13 (Simulia, Providence, Rhode Island) dynamic simulation environment ([Figure 2](#fig2-2046-3758.811.BJR-2019-0036.R1){ref-type="fig"}). The same loading and kinematic conditions used in the experimental studies were used in the computer simulation. The axial load was force-controlled, while the flexion, AP translation, and internal--external (IE) rotation were displacement-controlled. The femoral axis loading (peak load of 2.6 kN) and flexion--extension (0° to 58°) input were referred to ISO 14243-3 for all studies ([Figure 3](#fig3-2046-3758.811.BJR-2019-0036.R1){ref-type="fig"}).^[@bibr31-2046-3758.811.BJR-2019-0036.R1]^ The IE tibial rotation was ± 5° based on the natural kinematics of the knee according to Lafortune et al.^[@bibr32-2046-3758.811.BJR-2019-0036.R1]^ This study evaluated mobile-bearing UKA, which relies in vivo on natural tissues, and thus has no intrinsic stability owing to implant geometry.^[@bibr33-2046-3758.811.BJR-2019-0036.R1]^ Therefore, displacement-controlled studies were performed to replicate the constraint provided by soft tissue in vivo. A high kinematic condition was used for all studies, with an AP displacement of 0 mm to 10 mm.^[@bibr34-2046-3758.811.BJR-2019-0036.R1]^ These experiments typically feature springs to represent soft-tissue constraints that are normally present in the knee. In order to include these effects, a translational spring, with a stiffness of 30 N/mm against the relative AP motion of the components, and a torsional spring, with a stiffness of 0.6 Nm/º against the relative IE rotation of the components, were included ([Fig. 3](#fig3-2046-3758.811.BJR-2019-0036.R1){ref-type="fig"}).^[@bibr35-2046-3758.811.BJR-2019-0036.R1]^ The standard UHMWPE was modelled with the isotropic elastic--plastic reported by Godest et al^[@bibr36-2046-3758.811.BJR-2019-0036.R1]^ with a modulus of elasticity of 463 MPa and Poisson's ratio of 0.46. The crosslinked UHMWPE was modelled using stress-strain data with a modulus of elasticity of 673 MPa and Poisson's ratio of 0.46.^[@bibr16-2046-3758.811.BJR-2019-0036.R1]^ Contact was simulated on articular surfaces between the femoral component and insert, and the insert and tibial tray with coefficient of friction of 0.04.^[@bibr36-2046-3758.811.BJR-2019-0036.R1]^ A convergence test was performed for the optimum mesh density in the tibial insert. Convergence of the analytical solutions with measurements of the maximum contact stresses within 5% was achieved with a mesh density using elements with a mean edge length of 1.2 mm. Based on the convergence study, the mesh density used for the tibial insert was appropriate.^[@bibr36-2046-3758.811.BJR-2019-0036.R1],[@bibr37-2046-3758.811.BJR-2019-0036.R1]^

![Development of unicompartmental knee arthroplasty (UKA) finite element (FE) models based on patient's CT and MRI images: a) femoral component; b) tibial component; and c) anatomy mimetic design (AMD) and increased conformity design (ICD) tibial inserts.](bonejointres-08-563-g001){#fig1-2046-3758.811.BJR-2019-0036.R1}

![Loading condition of the unicompartmental knee arthroplasty (UKA) finite element (FE) model for wear prediction in the study. AP, anteroposterior; IE, internal--external.](bonejointres-08-563-g002){#fig2-2046-3758.811.BJR-2019-0036.R1}

![Profiles of: a) axial force and femoral flexion inputs; and b) tibial displacement and rotation inputs. AP, anteroposterior; IE, internal--external.](bonejointres-08-563-g003){#fig3-2046-3758.811.BJR-2019-0036.R1}

Wear prediction of two tibial insert designs with different conformity and two different materials {#section10-2046-3758.811.BJR-2019-0036.R1}
--------------------------------------------------------------------------------------------------

There is currently no analytical model that can accurately predict wear. However, a modified version of Archard's wear model, which states that wear is a function of contact pressure, contact area, sliding distance, and wear coefficient *k*, is known to be able to predict wear with reasonable accuracy if a proper value of *k* is found experimentally.^[@bibr38-2046-3758.811.BJR-2019-0036.R1]-[@bibr41-2046-3758.811.BJR-2019-0036.R1]^ The modified Archard's wear model states the following, where *W~vol~* is the volumetric wear, *k* is the wear coefficient, *σ* is the contact pressure, *s* is the sliding distance, and *A* is the contact area:

$$W_{vol} = {\iint k\sigma dsdA}$$

Each cycle was divided into 100 increments, and wear was computed for each increment and summed up during the cycle. The surface nodes influenced by wear were moved in a direction perpendicular to the articular surface based on the computed material loss at the end of each increment. An adaptive remeshing procedure was introduced to simulate the surface wear progression. Adaptive wear simulation was carried out using Python scripts (Stichting Mathematisch Centrum, Amsterdam, The Netherlands) to interface with the Abaqus output database. The model for wear calculation of the tibial insert was incorporated into the user subroutine VFRICTION, which was developed using Fortran code. The simulation was iterated, and the wear was multiplied by the size of each step (50,000 cycles per step) to evaluate the total wear after five million cycles. This update interval was shorter than those used in previous FE analysis studies on TKA wear.^[@bibr24-2046-3758.811.BJR-2019-0036.R1],[@bibr42-2046-3758.811.BJR-2019-0036.R1],[@bibr43-2046-3758.811.BJR-2019-0036.R1]^ The computed volumetric wear was converted to gravimetric wear using a polyethylene density of 0.93 mm^3^/mg. The wear factor used in this study was estimated using the mean wear factors from TKA and balloon-flat wear tests in a previous study.^[@bibr44-2046-3758.811.BJR-2019-0036.R1]^

We evaluated the wear performance of two tibial insert designs and two different materials of mobile-bearing UKA. In addition, the contact stress, contact area, wear rate, wear depth, and volumetric wear were compared for the two tibial insert designs and two different materials of mobile-bearing UKA.

Results {#section11-2046-3758.811.BJR-2019-0036.R1}
=======

[Figure 4](#fig4-2046-3758.811.BJR-2019-0036.R1){ref-type="fig"} shows the contact stress and area for the two tibial insert designs and two different materials under gait cycle loading conditions. The ICD UKA had a larger contact area than the AMD UKA. Contrasting trends were observed for contact stress. The ICD UKA had a lower contact stress than the AMD UKA. Both contact area and stress were large in the stance phase. Crosslinked UHMWPE showed greater contact stress and smaller contact area than standard UHMWPE regardless of insert design ([Figure 4](#fig4-2046-3758.811.BJR-2019-0036.R1){ref-type="fig"}). The standard UHMWPE computational wear rates for the AMD and ICD inserts were 8.3 mm^3^/million cycles and 10.9 mm^3^/million cycles, respectively. The corresponding predicted values for the crosslinked UHMWPE inserts were 4.1 mm^3^/million cycles and 5.3 mm^3^/million cycles, respectively. The standard UHMWPE computational volumetric wear for the AMD and ICD inserts were 38.9 mg and 50.6 mg, respectively, after five million cycles. The corresponding predicted values for crosslinked UHMWPE inserts were 19.0 mg and 24.6 mg, respectively, after five million cycles. The maximum wear depths in the standard UHMWPE insert corresponded to 0.14 mm and 0.17 mm in AMD and ICD, respectively, after five million cycles. In addition, the maximum wear depths in the crosslinked UHMWPE insert corresponded to 0.06 mm and 0.09 mm in AMD and ICD, respectively, after five million cycles. The computationally predicted wear contours for different inserts with standard and crosslinked UHMWPE materials under gait cycle loading conditions are shown in [Figure 5](#fig5-2046-3758.811.BJR-2019-0036.R1){ref-type="fig"}. For AMD UKA, by changing the tibial insert from an ICD (decreased conformity), the conformity decreased the wear contour under gait cycle loading conditions. The same trend was observed in standard UHMWPE with changes in crosslinked UHMWPE material.

![Comparison of a) contact stress and b) contact area for the two different tibial insert designs with two different materials during gait cycle. AMD, anatomy mimetic design; ICD, increased conformity design.](bonejointres-08-563-g004){#fig4-2046-3758.811.BJR-2019-0036.R1}

![Predicted wear contour for the two different tibial insert designs with two different materials during gait cycle. AMD, anatomy mimetic design; ICD, increased conformity design; UHMWPE, ultra-high-molecular-weight polyethylene.](bonejointres-08-563-g005){#fig5-2046-3758.811.BJR-2019-0036.R1}

Discussion {#section12-2046-3758.811.BJR-2019-0036.R1}
==========

The most important finding of this study is that increased conformity and material are the important factors influencing wear in mobile-bearing UKA. We found that ICD UKA with increased conformity has a worse wear performance than AMD UKA with decreased conformity. In addition, crosslinked UHMWPE has a better wear performance than standard UHMWPE. Our results suggest that the enhanced mechanical properties of polyethylene through advanced manufacturing and sterilization processes enable the consideration of lower-conformity implants with higher contact pressure to reduce surface wear.^[@bibr45-2046-3758.811.BJR-2019-0036.R1]^ The computer model made it possible to isolate the effects of crosslinking from the mobile-bearing UKA. We evaluated the wear rates and volumetric wear for two different designs using the material properties and wear factors obtained for low and highly crosslinked polyethylene. In general, the wear behaviour of UKA is influenced by a number of parameters, including articular bearing design, contact stresses, kinematics, implant material, and surface finish.^[@bibr46-2046-3758.811.BJR-2019-0036.R1]^ The ICD UKA is highly conforming and has an increased contact area and reduced contact stress. Increased contact stress and reduced contact area were found to reduce polyethylene wear not only in simple configuration laboratory testing but also in total hip arthroplasty and TKA designs.^[@bibr47-2046-3758.811.BJR-2019-0036.R1]-[@bibr49-2046-3758.811.BJR-2019-0036.R1]^ Although motion decouplement was shown to reduce wear for highly conforming designs, this study confirmed that the positive effects of a reduced contact area are more dominant in the predicted wear rates of non-conforming UKA than the potentially negative effects of only femoral interface motion.

Overall, the general trends of FE results compare favourably with the previously published computational literature for the mobile-bearing UKA.^[@bibr50-2046-3758.811.BJR-2019-0036.R1],[@bibr51-2046-3758.811.BJR-2019-0036.R1]^ Over the last two decades, the design of knee arthroplasty devices has focused on increased conformity in order to maximize contact areas, reduce contact stress at the articulating interface, and prevent fatigue-related polyethylene failure.^[@bibr52-2046-3758.811.BJR-2019-0036.R1]^ The availability of stabilized, oxidation- and fatigue-resistant polyethylene now provides the opportunity for less-conforming designs with the potential to reduce device wear by reducing contact areas.^[@bibr49-2046-3758.811.BJR-2019-0036.R1]^ The results of this study clearly demonstrate that significant reductions in polyethylene wear are achievable with low-conformity devices. Such a trend was shown in recent studies.^[@bibr16-2046-3758.811.BJR-2019-0036.R1],[@bibr53-2046-3758.811.BJR-2019-0036.R1]^ Abdelgaied et al^[@bibr16-2046-3758.811.BJR-2019-0036.R1]^ showed that a potential method for increasing the lifespan of a TKA can be to introduce less-conforming knee arthroplasties using computational studies. Brockett et al^[@bibr53-2046-3758.811.BJR-2019-0036.R1]^ showed that under in vitro kinematic conditions, decreasing conformity significantly reduced wear rate, and this was demonstrated more clearly when combined with previously reported data under comparable conditions. There is a current deficiency in the knee arthroplasty market for devices with low-conformity geometries. However, it is the authors' view that orthopaedic device manufacturers should consider low conformity in order to reduce insert wear and osteolytic potential, and, ultimately, to provide longevity in partial knee arthroplasty when patients have good soft-tissue function. Essner et al^[@bibr54-2046-3758.811.BJR-2019-0036.R1]^ indicated that implant design plays a more significant role in knee wear reduction than insert material. However, our results showed that the material is also important. The reduction in wear rate with the change in bearing material is attributed to changes in experimental wear parameters, contact area, and wear factor. The crosslinked UHMWPE experimentally measured wear parameters were lower than those of standard UHMWPE material. In addition, changing the insert bearing material from soft (standard UHMWPE) to hard (crosslinked UHMWPE) reduced the contact area during articulation. According to Archard's law, the contact pressure, contact area, and sliding distance are all important factors. There are two knee simulation strategies: force control and displacement control. In the displacement control strategy, the AP displacement and IE rotation are closed-loop controlled by displacement and closely follow the displacement command profiles.^[@bibr55-2046-3758.811.BJR-2019-0036.R1]^ The advantage of displacement control is a consistent path, displacement, surface velocity, and phasing, relative to the femoral rotation (flexion) and axial load, which results in consistent force per velocity.^[@bibr55-2046-3758.811.BJR-2019-0036.R1]^ The wear coefficient-based computational wear model is dependent on contact area and wear rate. The directly proportional relationship between volumetric wear and contact area in the current model means that the smaller the contact area, the less wear under controlled kinematic inputs. Increasing the conformity between the femoral component and insert increases the contact radius with higher IE and AP motion. As a result of the improved material properties, and recognizing the importance of wear and the function of contact area, wear can be reduced using less-conforming bearing surfaces because of the reduction in contact area.

In terms of clinical relevance, the AMD UKA showed improved wear performance compared with the ICD UKA. The AMD UKA has dished geometry in the medial tibial plateau so it would reduce the risk of dislocation in mobile-bearing UKA. As previously mentioned, in the native knee, the medial and lateral tibial plateaus have asymmetrical geometries, with a slightly dished medial plateau and a convex lateral plateau.^[@bibr25-2046-3758.811.BJR-2019-0036.R1],[@bibr26-2046-3758.811.BJR-2019-0036.R1]^ Therefore, our results showed that making changes to slightly dished designs could resolve the problem of wear in conforming design in medial mobile-bearing UKA.

The study had three limitations. First, our model included a constant wear factor that did not change with respect to contact stress or sliding direction. However, previous studies showed good agreement in wear experiments using contact wear factors. Second, we compared in vitro experimental wear and measured the wear in a computational simulation, but we did not compare actual clinical wear data. The loading condition in which five million cycles represented a clinical wear situation was not completely realistic and exhibited limited applicability. Since UKA can also be used for younger patients, a greater number of cycles may be required for further study. Third, we evaluated wear only in a gait cycle condition. In future work, highly demanding daily activities for knee wear simulation are required. These activities include stair ascent, stair descent, rising from a chair, and deep squatting. However, despite the limitations outlined above, the simulations are much more time-saving and cost-efficient than physical wear testing, allowing the investigation of a wider variety of design parameters than was previously feasible.

In conclusion, the very low wear rates found with low-conformity design and crosslinked UHMWPE UKA show the potential for reducing conformity in order to reduce knee arthroplasty wear. Increasing conformity may not be the sole predictor of wear performance; highly crosslinked mobile-bearing polyethylene inserts can also provide high wear performance. These results provide improvements in design and materials to reduce wear in mobile-bearing UKA.
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